and western Russia. Prior studies have shown that the region contains more or less differentiated populations with high genetic diversity and few indications of recent bottleneck effects, even though many populations have undergone rather dramatic fluctuations in population density [8] [9] [10] . Moreover, there are indications that wolves occasionally hybridise with dogs in the region, but there is a lack of strong support for the occurrence of introgressive hybridisation into the population [11, 12] .
In this paper, we used partial sequences from the mitochondrial DNA and microsatellite markers to investigate the genetic diversity of the Lithuanian wolf population, aiming to: 1) investigate the geographical distribution of mitochondrial haplotypes across the country and to evaluate the haplotype diversity; 2) assess the level of heterozygosity and if the population shows genetic signs of recent bottleneck events related to known fluctuations in wolf abundance during the last century; 4) detect possible immigrants from the other wolf populations (Finnish/Russian); and 5) examine the presence of hybrids among Lithuanian wolves (recent hybridization with dogs was detected in neighboring Latvia [11, 12] ).
Experimental Procedures
We obtained 29 samples of tissue and/or hairs from killed wolves in the years 2009 and 2010. DNA was extracted using standard methods [13] . For haplotype determination, we sequenced a fragment of a control region (647 bp) using primers from Parra et al. [14] . PCR was performed using standard techniques. Sequencing was performed using BigDye terminator Cycle sequencing Ready Reaction Kit and separation on an ABI3730XL or ABI3700 (Macrogen Inc., Korea). Sequences were edited and aligned using BIOEDIT 5.0.9 [15] , and deposited in the GenBank, accession numbers: JX508631-JX508635. Haplotype diversity and nucleotide diversity were estimated using DNASP 5.10 [16] . Sequence divergence was calculated using the Jukes-Cantor method implemented in MEGA 5.0 [17] .
For phylogenetic analysis, we used sequences of wolves and various breeds of dogs from Europe available in the GenBank (http://www.ncbi.nlm.nih. gov/Genebank) and published in Parra et al. [14] , Vila et al. [18] , Björnerfeldt et al. [19] , Aggarwal et al. [20] , Pilot et al. [21] , and Bekaert et al. [22] . Bayesian tree was constructed using the MrBayes program [23] . We used the Transition model including invariable sites and variation among sites (TIM2+I+G), as it was selected as the best-fit model of nucleotide substitution by jModeltest [24] . Two simultaneous runs were conducted with a sample frequency of every 100 th tree over 3.5 million generations. Before constructing a majority consensus tree, 25% of the initial trees in each run were discarded as burn in periods. The phylogeny was visualized using Tree View 1.6.6 (available from http://evolution.genetics. washington.edu/phylip/software.html).
We genotyped 29 autosomal microsatellite loci: 20, 109, 123, 173, 204, 225, 250, 2001, 2010, 2054, 2088, 2137, 2140, 2159, 2168 , 2201, AHT002, AHT004, AHT101, AHT106, AHT126, AHT124, AHT133, AHT138, AHT119, AHT121, AHT136, AHT103, AHT125 [25] [26] [27] [28] [29] . Genotyping was performed using ABI3730XL (Uppsala Genome Center) and fragment analysis was done using GeneMapper 3.0 (Applied Biosystems). We used Microchecker 2.2.3 [30] to identify possible null alleles, large allele dropouts, systematic scoring of stutter peaks and typographic errors. Analysis suggested the presence of null alleles in 2159 and AHT119 (binomial test: P<0.001). These loci were discarded from all further analysis. Allele frequencies, as well as expected and observed heterozygosity were estimated by ARLEQUIN 3.5 [31] . Inbreeding estimator (F IS ) was calculated using FSTAT 2.9.3 [32] , and deviations from Hardy-Weinberg equilibrium and linkage disequilibrium (between all pairs of loci) were tested using GENEPOP 3.3 [33] . To assess bottlenecks, we applied the two-phase mutation model (TPM) as implemented in BOTTLENECK 1.2.02 [34] . We used a one-tailed Wilcoxon test to check for heterozygosity excess as the most appropriate for microsatellite data, with a variance among multiple steps of 12, and 95% as the proportion of SMM, and 10,000 iterations [35] .
For comparisons, data sets on wolves from Finland (n=64; sampled from wolves killed between the years 1998-2002) and Russia (Archangelsk (n=13) and Carelia (n=23); sampled from wolves killed between the years 1995-2000) were included in the microsatellite analyses. Population differentiation (global and pairwise) was estimated by Jost's D est value [36] as the most appropriate for accurate estimation of differentiation using DEMEtics [37] and by global and pairwise F ST value [38] for comparison with other results by FSTAT 2.9.3 [32] . Analysis of detection of possible first generation migrants was made by GENECLASS 2 [39] . We used L=L home /L max to measure the likelihood [40] . A Bayesian method was used to compute the most likely population [41] . Probabilities to belong to any population were calculated by applying a Monte-Carlo resampling of 10,000 individuals and using a simulation algorithm from Paetkau et al. [40] .
Admixture analysis was performed using STRUCTURE 2.3.3. [42] and NEWHYBRIDS 1.1 [43] . Simulation of hybrids (first and second hybrid generations and backcross with wolves and dogs) was performed by HYBRIDLAB [44] using dogs (n=27) data set from 17 different breeds and cross-breeds in Sweden. As a basis for analysis, we used the methodological approach performed by Godinho et al. [45] .
Results

mtDNA analysis
The sequencing of a fragment of the control region (647 bp) revealed five different haplotypes amongst Lithuanian wolves: W1-LT, W2-LT, W3-LT, W5-LT, and W10-LT. Haplotype diversity was 0.658±0.003 (SD) and nucleotide diversity was 0.010±0.001 (SD). Haplotype W1-LT was found in 10 wolves, W2-LT in 14 wolves, W3-LT in three wolves, W5-LT in one wolf and W10-LT in one wolf. Haplotypes W1-LT and W2-LT were distributed across Lithuania ( Figure 1 ). Haplotype W3-LT was found only in the south-eastern part of the country, whilst W5-LT and W10-LT were registered in single individuals sampled in the northern and eastern parts of Lithuania, respectively.
Only one haplotype, namely W5-LT, was identical to other haplotypes in the GenBank (FJ978011, DQ480503). The rest of the haplotypes showed slight differences from known haplotypes of wolves (sequence divergence was ≥0.002%). Haplotype W2-LT showed low divergence both from wolf and dog haplotypes (in both cases the lowest level of divergence was 0.002%).
For the phylogenetic analysis, we used both wolf and dog haplotypes because of the low divergence between Lithuanian haplotype W2-LT and several haplotypes of dogs. The phylogenetic tree (based on 633 bp) revealed two distinct clades separating wolves and dogs with only a very few exceptions ( Figure 2 ). All wolf haplotypes found in Lithuania were assigned to the wolf clade and belonged to three different subclades: haplotypes W1-LT and W5-LT belonged to subclades consisting of wolves only, whereas haplotypes W2-LT, W3-LT, and W10-LT were grouped to the subclade containing a few haplotypes of dogs (that formed small distinct group). All Lithuanian wolf haplotypes were phylogeographically similar (or identical in case of W5-LT) to haplotypes distributed in Eastern Europe, Southern Europe (Bulgaria, Croatia) and Scandinavia. The divergence amongst wolf sequences in subclades with Lithuanian wolf haplotypes typically varied from 0.002% to 0.007% in comparison to an overall average divergence of 0.017%.
Microsatellite analysis
All 27 loci were polymorphic in Lithuanian wolves, with the average number of alleles equal to 6.85±3.55 (SD), ranging between 2 and 19 alleles. Unbiased expected heterozygosity was 0.709±0.20 (SD) ( Table 1) . Over all loci, there was a lower number of observed heterozygotes than expected from Hardy-Weinberg equilibrium (F IS =0.022, P<0.01, Table 1 ). No consistent heterozygote deficiency among the loci could be observed, indicated by the 14 loci (52%) that showed negative F IS . However, two loci (2168 and 2201) showed significant departure from Hardy-Weinberg equilibrium. Significant linkage disequilibrium was found between 52 pairs of loci. After a sequential Bonferroni test, three pairs of loci (2054x2137, AHT002xAHT103, 2168xAHT125) showed significant linkage disequilibrium (P<0.05). One of these pairs (2168xAHT125) is situated on the same chromosome. There was no evidence that the Lithuanian wolf population has been subject to any recent bottleneck (Wilcoxon test: P=0.495).
We evaluated global and pairwise differentiation with available data from Finland and Russia (Carelia and Archangelsk), based on 25 microsatellite loci (AHT106 and AHT126 were not included due to a lack of reference data). Assignment analysis was conducted to identify first generation migrants in GENECLASS 2 using Lithuanian, Finnish, Carelian, and Archangelsk wolf populations. It was revealed that wolf CL12 significantly assigned better with the reference material from the Finnish population with a likelihood ratio 14.6 and low probability to belong to Lithuanian population (P<0.001). Wolves CL4, CL16, and CL28 were identified as possible first generation migrants from a population more similar to the Carelian wolf population (likelihood ratio 2.1, 3.8, and 0.4, respectively, and a probability that they originated from the Lithuanian population of 0.020, 0.009, and 0.044, respectively). All of these wolves were males and carried rare mitochondrial haplotypes: haplotype W5-LT was determined in wolf CL12 and haplotype W3-LT was typical of wolves CL4, CL16, and CL28 (both haplotypes are identical or similar to known haplotypes distributed in Russia and Finland, e.g. FJ978011, DQ480503, FJ978012, and FJ978009, see in Figure 2 ). For hybrid detection, we pooled the data on Lithuanian wolves and dogs and assumed this new data set as one population. Using Structure, wolves and dogs were assigned to two distinct clusters with average proportion of membership q=0.984 (±0.029) and q=0.993 (±0.007), respectively ( Figure 3) . Factorial correspondence analysis also confirmed separation between wolves and dogs.
Further, we simulated hybrids between Lithuanian wolves and dogs using HybridLab. An admixture analysis was performed by Structure using the admixture model. Comparisons were made between wolves, dogs, first and second generations of hybrids (F1, F2), and backcrosses of wolves and dogs with F1 (wolves x F1, dogs x F1) ( Figure 3 ). Individual assignment was made using the threshold q>0.85. All wolves were assigned to a distinct cluster (Cluster I), while all dogs but one (q=0.837) assigned to the second cluster (Cluster II). First and second generation hybrids were correctly assigned as wolf-dog intermediates in 98% and 96% of the cases respectively. A large proportion of the backcrossed individuals were significantly assigned to one of the two clusters (40% of wolf-backcrosses were assigned to Cluster I and 44% of dog-backcrosses with Cluster II). Using Newhybrids, we also investigated the probability of all Lithuanian wolves belonging to any of the first or second generation classes. The posterior probabilities to belong to the genotype class of purebred wolves all exceeded 0.9, which indicates a lack of any recent hybrids amongst Lithuanian wolves. Nevertheless, the high percentage of significant assignment of simulated backcrosses to wolf or dog clusters did not allow us analyse admixture at the backcross level.
Discussion
The analysis of an mtDNA control region (647 bp) revealed 5 haplotypes in Lithuanian wolves and high haplotype diversity (0.66). Pilot et al. [46] divided the wolves of Eastern Europe into ten subpopulations (based on 257 bp of the control region) assigning Lithuania, Latvia, Belarus, eastern Poland, northern Ukraine, and western Russia to subpopulations with relatively low haplotype diversity (0.52-0.55). Our results (haplotype diversity had the same value also for short fragment, 257 bp) are more similar to some regions of western Russia and northern Belarus (0.67-0.73) [10, 46] . Amongst Lithuanian wolves, two haplotypes (W1-LT and W2-LT) were distributed across the country, whilst the other three (W3-LT, W5-LT, W10-LT) were rarely found and restricted to northern and south-eastern areas. The haplotype W5-LT was the only one that is identical to previously known haplotypes distributed in Latvia, Russia, Finland and Sweden [21] . The other four haplotypes had slight differences from known haplotypes and showed the lowest divergence from haplotypes typical of wolves from Scandinavia and Eastern and Southern Europe [19, 21, [47] [48] [49] . However, the haplotype W2-LT also showed low divergence from haplotypes of dogs. The phylogenetic analysis showed a clear distinction between haplotypes of wolves and dogs with few individuals grouped in the opposite clusters. All Lithuanian wolf haplotypes were grouped in the wolf-dominated cluster. Several haplotypes of dogs were assigned to the wolf cluster, but they all formed a small distinct group. This might be related to the history of multiple origins of dogs from wolves or the dogs' breeding history [18, 50] .
The microsatellite analysis revealed a slightly lower number of heterozygotes than expected from Hardy-Weinberg equilibrium and no evidence for any recent bottleneck in the Lithuanian population. High heterozygosity is typical of populations of the Eastern Europe: Latvia 0.73, Poland 0.73, north-western Russia 0.64-0.71, western Russia 0.78, and our study 0.71 [8] [9] [10] 51] . Previous studies showed no bottleneck effect in populations of Latvia and north-western Russia (Carelia, Archangelsk), but it was detected in western Russia (Volgodskaja, Tverskaja, Smolenskaja, and Kaluzshkaja Regions) [8] [9] [10] 51] . The abundance of the Lithuanian wolf population has widely fluctuated over the last century, ranging from 100-150 individuals in 1934-1938 and 1960-1970 to more than 1700 wolves after the Second World War. In the last decade, the minimum estimated count of wolves in Lithuania was 200-300 individuals [52] . It is probable that the continuous range of the Baltic wolf population, with its connectivity with other wolf populations and consequently a certain degree of migration, has maintained a sufficient amount of genetic diversity in the Lithuanian wolf population despite the fluctuations in abundance. Indeed, assignment analysis identified one wolf as a significant migrant from the population similar to the Finnish wolf population and three wolves as possible first generation migrants from a population similar to the Carelian population. This indicates that Lithuania is subject to immigration from differentiated populations. During migration, wolves from north-eastern Europe first reach the eastern part of Lithuania. All of these wolves were males which hunted in north-eastern and south-eastern Lithuania, and they carried rare haplotypes (W3-LT and W5-LT). Malebiased migration of wolves was also observed between the Alps and north Apennines [53] . The presence of immigrants might explain a linkage disequilibrium found in a few pairs of loci and slight deviation from HardyWeinberg equilibrium. Omitting detected immigrants, the Lithuanian wolf population was in Hardy-Weinberg equilibrium (P>0.07).
The analysis of possible hybridisation in Lithuania did not show any clear indication of any wolf to be admixed. However, our results do not allow us to detect hybrids beyond first and second generations. Providing the samples for genetic studies, hunters did not note any atypical morphology amongst the hunted wolves that would indicate hybridization. Godinho et al. [45] demonstrated that hybridization in wolf populations is restricted to peripheral and recently expanded wolf populations, neither of which are the case for the Lithuanian population. However, documented cases of hybridisation in neighboring Latvia highlight the importance of monitoring of putative hybrids [11, 12] .
The obtained results indicate the need for further research concerning two main topics: 1) the study of the genetic structure of the entire Baltic wolf population and its probable substructure; and 2) the evaluation of migrant origin, dispersal level and direction amongst neighboring wolf populations.
